We estimate erosion rates from suspended sediment records for 11 basins in the eastern Central Range (ECR) of Taiwan using methods based on mean measured sediment discharge, a rating curve of sediment and water discharge, and a rating curve corrected for periods of limited sediment due to the lack of landslide-supplied sediment. The preferred method for any basin depends on record length and sampling frequency, with higher quality records being analyzed by the latter method. Erosion rate estimates range from 2.2 to 8.3 mm/yr for records with varying sampling frequencies and durations between 8 and 27 yr. This variation in erosion rates does not seem to reflect lithology, tectonic environment, or climate. We interpret the variation in terms of natural stochastic variation in water discharge and sediment supply. To assess the quality of the erosion rate estimates and to better understand the dependence of uncertainty on the duration and frequency of sampling, we construct a stochastic model of sediment supply and transport for the Chihpen River of the ECR. The model stochastically predicts the water discharge and sediment supply from landslides and calculates the transport of suspended sediment through application of a deterministic transport law. We determine that with a 27-yr hydrograph with 780 suspended sediment load measurements for the Chihpen River, assuming an erosion rate of 5.1 mm/yr, there is a 68.3% probability of determining an erosion rate within mm/yr of the actual erosion rate. We provide an estimate of the uncertainty associated with various ‫0.4/7.2ע‬ sampling frequencies and record lengths and find that it is difficult to push uncertainties below ‫2ע‬ mm/yr.
Introduction
Suspended sediment records are commonly used as a means of estimating erosion rates in mountainous regions where the majority of eroded material is transported as suspended load. However, suspended sediment loads in mountain rivers vary dramatically with time as a result of natural variations in discharge and sediment availability. Basin-wide estimates of erosion rates are subject to large uncertainties due to this variability. Furthermore, this uncertainty is difficult to quantify since the signal variability is problematic to characterize without making measurements over a period of decades or perhaps even centuries. The quality of an erosion rate estimate is thus strongly dependent on the du-ration, frequency, and completeness of a sampling program (Dickinson 1981) . However, it is not possible to design a sampling program or to determine its quality without understanding the causes of temporal variation in the sediment load.
The natural variation of sediment load in a river results from two sources: (1) variations in transport capacity of the river and (2) variations of sediment supply from the hillslopes to the river channel. Most sediment transport laws describe the capacity of a river to transport suspended sediment as proportional to the discharge of the river, either directly (Colby 1956) or through a velocity profile (Rijn 1984; Qiwei et al. 1989) , while discharge itself is related to the rainfall within the basin and the channel network characteristics. Spatial and temporal variability of sediment supply from hillslopes to river channels is particularly pronounced in regions where the influx of sediment to rivers is in the form of discrete events such as landslides (Benda and Dunne 1997) . The statistical characteristics of landslides, in particular the magnitude and frequency of their occurrence, are therefore important components of a sediment load model.
The problem of variable sediment discharge is large in regions of strong tectonic activity and high uplift rates, as this leads to accentuated relief and the predominance of deep-seated landslides as the primary mode of hillslope denudation (Anderson 1994; Schmidt and Montgomery 1995; Burbank et al. 1996; Hovius 1999) . In addition, the high mountains associated with tectonic activity tend to have wet, stormy climates due to the orographic enhancement of rainfall (Barry and Chorley 1987 ) that leads to highly variable river discharge and an enhanced occurrence of storm-triggered landslides (Varnes 1958; Shelby 1982) . Any sampling strategy that hopes to accurately estimate the erosion rate for such a region must take these supply and transport effects into consideration. For example, during any sampling period, one is likely to obtain biased rates by an oversampling or undersampling of largescale supply and rainfall/discharge events due to the natural variation of the system.
In this article, we demonstrate the problems of sediment supply and transport and attempt to address them with respect to determining erosion rates through a statistical analysis of discharge records for a number of basins in the eastern Central Range (ECR) of Taiwan. This analysis has two parts. In the first part, we estimate erosion rates using three methods of obtaining mean sediment discharge: (1) directly from the mean of the observed sediment discharge, (2) predicting sediment discharge from water discharge using a rating curve fitted to the observed data, and (3) from a "corrected" rating curve that corrects for periods of time where the sediment load is supply limited due to the lack of landslide-supplied sediment. In the second part of this article, we construct a stochastic model of sediment supply and transport to evaluate the time variability in a sediment discharge record. Unlike some previous approaches of looking at the role of climate variability in landscape evolution (Tucker and Bras 2000) , we narrow the focus by calibrating the model against hydrographic discharge data, sediment load observations, and landslide magnitude data for the Chihpen River. The model allows us to isolate the controlling factors of variable sediment supply and transport from the effects of discontinuous sampling on the uncertainty of erosion rates. In doing so, we are better able to understand the sources and magnitudes of uncertainty in the suspended sediment record.
Regional Setting
The rugged relief and high elevation of Taiwan is the result of the collision of the Luzon Volcanic Arc on the Philippine Sea Plate with the continental margin of the Eurasian Plate. Currently the plates are converging at a rate of mm/ 81.5 ‫ע‬ 1.3 yr in a northeast direction (Yu et al. 1997) . Taiwan can be divided into five regions of distinct geology and physiographic character. From west to east, these regions are (1) the Coastal Plain, (2) the Western Foothills, (3) the Hsueshan Range, (4) the Central Range, and (5) the Coastal Range. The Coastal Plain is composed of alluvial and clastic deposits shed from the uplifting Central Range. The Western Foothills are an actively deforming fold-andthrust belt composed of Cenozoic marine and clastic shelf units (Lin 1998) . The westward limit of deformation defines the boundary between the Coastal Plain and the foothills (Ho 1986) . The Hsueshan Range is largely composed of the same Cenozoic marine material as the foothills, but the material has been buried and exhumed, thus exposing cleaved metasediments (Chang et al. 2000) . The Central Range is divided into a western Central Range (WCR) and eastern Central Range (ECR). The WCR is a Cenozoic cover series unconformably overlying pre-Tertiary metamorphic basement that is exposed in the ECR (Lin 1998; Ho 1986 ). The ECR is largely composed of Mesozoic to Late Paleozoic schist and metalimestone (Ho 1986 ). The Coastal Range, separated from the ECR by the north-south trending Longitudinal Valley, is composed of Miocene andesitic volcanics overlain by Plio-Pleistocene flysch-type sediments and is thought to be the northern continuation of the Luzon Arc (Ho 1986; Dorsey and Lundberg 1988; Chang et al. 2000) .
The rivers examined in this study are located within the ECR running transverse to the range and draining eastward to the Longitudinal Valley ( fig. 1 ).
Hydrologic and Transport Data
Water and Sediment Discharge.
The water and suspended sediment discharge records used for this study come from the Water Resources Planning Commission of Taiwan (WRPC 1972 (WRPC -1997 . The records consist of daily water discharge measurements (m 3 /s) and sporadic suspended sediment load measurements (t/d). The longest record spans 27 yr, and the highest sediment sampling frequency is 44 samples per year (table 1) . No information is given in the WRPC records with regards to the sampling methods.
A section of the time series for the Chihpen River shows two characteristics of ECR rivers as identified by Hovius et al. (2000;  fig. 2 ). Within the time series are periods when sediment and water discharge are strongly correlated, implying a sediment surplus in the river such that the river appears to transport sediment to its capacity. In other words, during this period the sediment discharge is transport limited: the amount of sediment transported by the river is limited by the ability of the river to suspend and carry sediment. At other times, in spite of variations in water discharge, the measured suspended sediment discharge is near zero. During these periods, sediment transport is described as supply limited, since the sediment discharge, or lack thereof, appears to be limited by the availability of sediment for stream transport.
These characteristics of ECR rivers can be examined further by looking at the variation in sediment discharge as a function of water discharge ( fig. 3) . Two distinct fields can be distinguished in the figure. The first, characterized by finite water discharge with limited or no sediment load, represents days where the river lacked material to transport as suspended sediment (also identified as the supply-limited periods of fig. 2 ). The second field shows the strong correlation between water and sediment discharge identified in figure 2 as transport-limited behavior.
The dual transport-limited and supply-limited behavior of the ECR rivers can be explained in terms of sediment supply to channels in the form of landslides. Landslides produce discrete and infrequent sediment supply to a channel. Once material has been supplied to the channel, it remains available for transport until the channel has been swept clean. As the channel is being cleared, we observe a discharge record that is characterized as transport limited. Between landslides, while the channel is relatively free of suspendable material, the discharge record is characterized as supply limited. All the records for the 11 rivers in the ECR considered in this study have these characteristics.
Also evident in figure 3 is a threshold value of water discharge (∼25 m /s) above which suspended sediment is always observed at the gauging station. This suggests that the presence of sediment, and thus landslides, is dependent on rainfall in the basin, since high rainfall produces high discharges and thus, apparently triggers landslides.
Landslide Magnitude Frequency. With the understanding that temporal variations in landslides influence the amount of sediment supplied to a river at any given time, it is important to be able to characterize the distribution of landslides within basins. Stark and Hovius (2001) demonstrated that landslide magnitudes in the ECR exhibit power-law distributions. They determined the probability density function (PDF) of 1007 landslides in the Hualien basin to have a slope of Ϫ2.112 ( fig. 4 ). Since this distribution was determined from a single set of aerial photographs, there is no temporal constraint on the landslides, and only relative frequencies are known.
In addition to the need for temporal control to calculate mass flux from landslide frequency, it is necessary to relate landslide area to volume. Hovius et al. (1997 Hovius et al. ( , 2000 use a linear square root (area)-depth relationship for landslide scars to estimate volume from the scarp area. Using this relationship, the PDF for landslide volume based on the empirical relationship for landslide area can be written as
where is the slope of the landslide area Ϫ(a ϩ 1) a PDF, A min and A max are the minimum and maximum value of landslide area described by the PDF, and e is a width-depth scaling coefficient used to relate slide area to volume. Following Hovius et al. (2000) , we use an e value of 0.05. Equation (1) is a truncated Pareto function that we formulate to have a minimum and maximum value. Both of these values are problematic to obtain for landslide area, and their determination is described below for the Chihpen River.
Determination of Erosion Rates
Previous studies have estimated erosion rates for Taiwan from suspended sediment data. The WRPC determined an average erosion rate of 5 mm/yr for all of Taiwan (WRPC 1973) . The length of the record used and the method of determination are not reported by the WRPC. Li (1976) also used data from the WRPC to determine an average erosion rate of 5.5 mm/yr from suspended sediment for the Central Range. He used a rating curve technique to approximate the relationship between sediment and water discharge and applied it to water discharge records. The quality of the record with which the rating curve parameters were determined is unknown, as is the method of determining the parameters and averaging erosion rates over the range. Li (1976) also reports erosion rates for individual basins (table 1) .
With the data set provided in the more recent WRPC yearbook (WRPC 1972 (WRPC -1997 , we have determined erosion rates for 11 rivers of the ECR by three methods: (1) using a mean sediment discharge calculated directly from sediment discharge records, (2) using a rating curve determined from the sediment discharge records applied to corresponding water discharge records, and (3) using a rating curve with sediment discharge corrected for periods of no sediment supply.
Erosion Rates from Mean Sediment Discharge. The mean sediment discharge for each river is determined by averaging the recorded sediment load values over the number of sediment observations and the time period of these observations. Depending on the river, this mean is determined from a maximum of 780 observations for the Chihpen River and a minimum of 246 observations for the Fuyuan River. The catchment-averaged erosion rate is then The best-fit power law, as reported by Stark and Hovius (2000) , is shown as the dashed line with a slope of , where . We viewed the falloff at lower Ϫ(a ϩ 1) a p 1.112 magnitudes as a sampling bias and did not attempt to model it.
determined by normalizing by the basin area upstream from the gauging station (table 1) .
Erosion Rates from the Rating Curve Method. Rating curve methods use the relationship between water and sediment discharge in order to estimate sediment loads from the more complete water discharge records (Inman and Jenkins 1999) . The rating curve we use here has the form
s w where Q s is the sediment discharge, Q w is the water discharge, and a and b are the rating curve parameters. These parameters are determined individually for each river from a regression of the water and sediment discharge, excluding data from days with no observed sediment discharge. Applying equation (2) to a full-length water discharge record and averaging with time and basin area gives an erosion rate (table 1) . Using the rating curve method to determine an erosion rate should provide a better estimate than the mean sediment discharge method because it uses the additional information in the water discharge record. However, in doing so it assumes that the river is always transport limited as there is a unique sediment load for each value of water discharge. Since ECR rivers are not strictly transport limited ( fig. 2 ), we expect that these erosion rates are biased toward higher values.
Erosion Rates from the Corrected Rating Curve Method.
In order to correct for the transportlimited assumption of the rating curve, we also determine erosion rates using a modified or corrected rating curve. We represent the PDF of all water discharge events ( fig. 5a ) as two populations: days where there is measurable sediment load, corresponding to transport-limited days, and days where there is no measurable sediment load, corresponding to supply-limited days. These populations have PDFs P(Q corrected ) and P(Q zeros ), respectively ( fig. 5b) . A conventional rating curve, as described above, uses both of these populations to determine a mean sediment discharge. To account for the lack of sediment on days represented by the P(Q zeros ) portion of the record, we apply the rating curve only to the population of days that have measurable sediment discharge (P[Q corrected ]).
Using the general rating curve (eq.
[2]) and identical parameters, we transform the P(Q corrected ) distribution of water discharge into a PDF of sediment discharge. We then calculate the expected value of this PDF. The expected value is the mean sediment discharge, assuming P(Q corrected ) describes the entire Figure 5 . a, The water discharge record represented as a PDF (P[Q all ]) for the Chihpen River. In the figure, the PDF (dashed line) is above the binned events (dots), suggesting a misfit to the data. This apparent misfit is due to the PDF having been fit only to the renormalized discharge events within the fit range. b, P(Q all ) from a decomposed into days with no corresponding sediment load, P(Q zeros ), and days with sediment present, P(Q corrected ). The corrected rating curve method of determining erosion rates relies on determining a mean sediment discharge by transforming P(Q corrected ) to a PDF of sediment discharge using equation (2) . See text for details.
record. To account for the days without sediment discharge, we scale the expected value by the fraction of days where measurable sediment has been recorded over the total number of days with sediment observations. Dividing by the basin area yields the erosion rate (table 1) . Although this method takes into account the probability of the river being transport limited, it is problematic in application because it requires sufficient data to accurately estimate the PDF for supply-limited days, P(Q zeros ), and the PDF for transport-limited days (P[Q corrected ]).
Results
The erosion rates determined from the three methods above are presented in table 1. Due to the small number of days with sediment discharge, the rating curve and corrected rating curve methods were not used on the Fuyuan or Upper Hoping records. Erosion rates from the mean sediment discharge method are fairly consistent throughout the basins, with the majority of the rates around 3-5 mm/yr. The Hualien and Chihpen Rivers are exceptions with inferred erosion rates of 10.2 and 9.5 mm/yr, respectively. Erosion rates from the rating curve method are generally lower, but there are some outliers: the Lower Hoping and Pingling Rivers have an erosion rate almost an order of magnitude greater. As expected, the corrected rating curve rates closely mirror the rating curve rates with slightly lower values due to the correction for periods without any sediment discharge.
With the corrected rating curve method, the Lower Hoping and Pingling Rivers yield estimates greater than 20 mm/yr, more than three times higher than neighboring basins. While these values could reflect differences in basin characteristics, we believe it is more likely that the relatively high estimates are a consequence of the inability to effectively determine a rating curve with short, incomplete data sets. The exact criterion that determines when rating curves are effective is not investigated here, but we believe that the rating curves used here are accurate enough to produce meaningful results when the record length is greater than 6000 observations and the number of sediment observations is greater than 550. Rivers that do not meet these criteria (footnoted in table 1) should be evaluated using the mean sediment discharge method.
Stochastic Model of Sediment Supply and Transport
Many authors have addressed the uncertainties in determining erosion rates from suspended sediment records (Branski 1981; Dickinson 1981; Walling and Webb 1981) . Analyses like these are essen- tial to understanding the accuracy and precision of the estimated erosion rates, given the absence of continuous sediment discharge records and because of the difficulties associated with highly variable sediment discharge. We take this type of analysis one step farther and investigate how the causes of the variability in sediment records affect the uncertainties in erosion rates. In this section, we develop a model of sediment supply and transport that includes the two main physical sources of sediment variability: (1) temporal variations in the rainfall and thus variations in water discharge and sediment carrying capacity and (2) variations in sediment supply, which is assumed to be landslides. We incorporate two stochastic components into our model, one for rainfall and one for landsliding, and couple them to a deterministic model for sediment transport to test how these factors influence the observed variability in sediment discharge and thus estimated erosion rates. A basic outline for the model is shown in figure 6 . Synthetic rainfall for the basin is generated from a power law PDF describing the daily frequency of rainfall for a given magnitude. We use the rainfall to determine the water discharge, suspended sediment transport capacity for the river and as a triggering mechanism for landslides. The magnitude of landslides is determined from a PDF describing the magnitudefrequency relationship of landslide volume. Slide material is deposited in the stream channel and is transported out of the basin according to the capacity determined from the water discharge. We calibrate and apply this model to the Chihpen River of the ECR. The Chihpen was selected due to the quality and duration of the water and sediment discharge record. Water Discharge. We do not have rainfall data for the Chihpen basin, so we must infer the amount of rainfall from the hydrograph. We treat the hydrograph for the Chihpen River as a sequence of rainfall impulses to the basin convolved with a basin response to rainfall events. The basin response function is used to deconvolve the hydrograph generating a time series of "rainfall events," which we use to determine the PDF of rainfall. We do not expect the deconvolved hydrograph to equate to rainfall records. It is only a proxy for rainfall within the basin that allows us to generate random, yet realistic hydrographs. For this reason, the rainfall events have the same unit as the hydrograph: m 3 / s. Given this PDF, the stochastic component of our model produces a synthetic record of rainfall events that are convolved with the basin response to determine a synthetic discharge record.
The water discharge record is observed to have three distinct time scales of discharge in response to a rainfall impulse (Pearce and McKerchar 1979) , and these comprise the basin response function. We determine a three-part exponential to this impulse response for the Chihpen River ( fig. 7 ) that takes the following form:
j where Q is the water discharge, is the impulse, * Q t is the time in days since the impulse, and m j is the scaling constant. The scaling constant is .85 for the first 2 d, .35 for the following 6 d, and .05 for the next 200 d. The standard deviation of the misfit between the original hydrograph and the reconvolved hydrograph is 2.6 m 3 /s. There are two discernible seasons of water discharge for rivers in the ECR (fig. 2) . These seasons are related to the annual shift from a northeasterly monsoon in the winter to a wetter southwesterly monsoon in the summer months marked by the beginning of the Mei-Yu in mid-May (Ramage 1971; Tao and Chen 1987; Chen et al. 1999) . To account for this annual variation, we group the deconvolved hydrograph into two populations referred to as the dry and wet seasons. The rainfall events are binned in their respective groups, and to this distribution we fit a truncated Pareto function of the form
We chose a truncated Pareto because it allows us to specify maximum and minimum bounds for the distribution. The slopes of the distributions ( ) are deter-1 Ϫ a p mined from a least-squares fit to the deconvolved hydrograph for each season. The maximum value (R max ) is set to the size of the maximum observed rainfall event for the basin during the respective season, and the minimum value (R min ) is chosen so that the expected value of the PDF is equal to the mean rainfall event. The high dry season maximum relative to the wet season might be accounted for by the passing of a late fall typhoon (Nuttonson 1963) .
To generate a synthetic discharge record, we first generate a synthetic distribution of rainfall through random sampling of the PDF combined with the probability of rainfall occurring on any given day. The probability of rainfall for any day is determined for each season as the fraction of days where the deconvolved hydrograph is above the minimum value reported above. Random sampling of any PDF is described by
where E is the generated event, P is the equivalent cumulative distribution function (CDF), and x is a uniform deviate between 0 and 1 (Press et al. 1988) . By repeatedly evaluating the inverse of the CDF at uniformly random values between 0 and 1, we generate a sequence of rainfall events, E, that matches the original PDF. The synthetic rainfall events generated individually for each population are combined and convolved with the basin response to calculate the water discharge at the gauging station. Water discharge upstream from the station is linearly scaled with contributing basin area accounting for all tributaries. Sediment Supply. In the ECR, landslides exhibit a magnitude-frequency relationship that can be represented with a truncated Pareto PDF (eq. [1]; fig.  4 ). We use this PDF to generate synthetic landslides in the same manner as the rainfall. However, the PDF only describes relative frequencies between landslide magnitudes. In order to obtain the absolute frequencies for landslide magnitudes we define a basin-wide erosion rate as
ADt where N is the number of landslides occurring in the basin over a time period Dt, E{V} is the expected volume of these slides from the PDF for landslide volume and A is the basin area. For this study we use an erosion rate of 5.1 mm/yr as determined from the corrected rating curve method described above for the Chihpen River. Solving this equation for N gives the number of landslides occurring in an area A over the time interval Dt. Based on the correlation between high discharge and sediment supply ( fig. 3) , we assume that landslides in the basin are triggered by rainfall. We introduce the influence of rainfall by scaling the expected number of slides by the ratio of the actual rainfall to the expected value of the rainfall each raised to the power b so that days with water discharge that is higher than the expected value will have more landslides:
If, for the sake of simplicity, we treat landsliding as a Poissonian process, the probability of n slides occurring on a given day is
where N is the expected number of landslides as defined above. We use the Poissonian probability of landsliding to determine if and how many landslides will occur and to determine the volume of those landslides from the landslide volume PDF using the same sampling method described above for rainfall.
Sediment Transport. For simplicity, we assume that all landslide material is deposited directly in the river channel and is transported as suspended sediment. We do not address material that is transported as bedload and landslide debris that is stored on riverbanks. The impact of these assumptions is lessened with the understanding that the landslide volumes we model are only those portions of the slides that are transported as suspended sediment. Therefore, the only material that is not accounted for between our model and the observed data is the bedload that is broken down to suspended sediment during transport. Landslide material is entrained up to the capacity of the river at any point. Lacking detailed hydraulic data and observations of the bed profile, we avoid using more complex methods of modeling suspended sediment transport (Rijn 1984; Qiwei et al. 1989) and revert instead to the simple representation of transport capacity as
w where k is a transport coefficient for the river and Q w is the water discharge at the point of interest. We use a value of that is consistent with b p 2.0 the sediment load data from the Chihpen River ( fig.  3) .
Coupled Model. The fully coupled model of sediment supply and transport ( fig. 6 ) is used in conjunction with an upstream distance, contributing area profile for the Chihpen River generated from a 40-m DEM (digital elevation model) of Taiwan. We use the DEM spacing of 40 m to define our calculation points, or nodes, for the model. Our time step for the model is 1 d, so as to match the observed sediment discharge data reported in tonnes/day.
The model calculates the water discharge in the form of rainfall events for each day. Each rainfall event is convolved with the basin response to determine the water discharge at the gauging station. Beginning at the headwaters and working downstream, the sediment input to a node is determined from the volume of material deposited from landslides directly at the node and from the transport of sediment from upstream nodes.
Sediment supply at any given node is calculated using the rainfall in conjunction with equations (7) and (8). In equation (8), we determine the probability of n landslides at the node where n varies between zero and some arbitrarily large number, usually set to 100. We then use the Poissonian probabilities to determine how many slides occur. If any slides do occur, the volume of the slides is determined from a random sampling of the landslide volume PDF (eq. [1]) for each slide. The volume of the landslide is then stored as available sediment at the node. The scaling of the expected number of landslides, N, with the contributing area (eq. [7] ) allows us to take into account sediment input from tributaries.
Discharge at the node is calculated by linearly scaling the discharge at the gauging station upstream with contributing area. The sediment transport to the adjacent downstream node is equal to the capacity of the current node (eq. [9]) if the sediment at the node from previous time steps and the input of sediment from landslides and upstream transport is greater than the capacity. All material above capacity is stored in the current node for the next time step. If the sum of stored sediment and incoming sediment is less than the capacity, all of the sediment is transported to the downstream node and nothing is stored. At the end of each time step, the model suspended sediment transported past the gauging station is recorded as the sediment discharge for the day.
The model is designed to run Monte Carlo simulations. For each simulation, we vary the random number generator seed used to determine the magnitude of rainfall (eqq. . Using the stochastic model, we can also produce records of any length, thus permitting investigation into the uncertainties introduced by use of shorter records. Formulating the model in such a manner allows us to investigate trends in characteristic parameters.
Model Results
The primary output from the coupled model is the water and sediment discharge at the gauging station ( fig. 8) . We use this information and its derivatives to calibrate the model to the Chihpen River. After calibration, we run Monte Carlo simulations for optimal parameter sets to investigate the effects of The model also predicts the capacity of the river at the gauging station and the total volume of landslides for each day. The effect of representing the water discharge with two individual PDFs is apparent in the reproduced seasonal periodicity of water discharge. Also, the scaling of landslide probability with rainfall (eq. [7] ) is apparent from the correlation between landslide occurrence and high discharge events. The dual transport-limited and supply-limited nature of the rivers is also apparent. As explained below, the presence of this characteristic depends on specific parameters. In particular, it depends on the balance between the river's ability to transport material out of the basin, which is controlled in turn by the transport coefficient, k, and the frequency and the amount of landslide material, which depends on the minimum landslide area, A min .
Of the model parameters (table 2) , only the minimum landslide area, A min , the transport coefficient, k, and the landslide scaling exponent, b, are not independently constrained. We constrain the maximum rainfall, R max , by fixing it to the maximum of the deconvolved hydrograph. With this fixed and the distribution slope known, we pick a minimum rainfall, R min , so that the expected value of the rainfall PDF matches the mean observed water discharge.
We estimate the maximum landslide area, A max , using the maximum basin relief, which does not exceed 1 km in the Chihpen basin. With this value, and assuming an elliptical landslide form (Hovius et al. 1997 (Hovius et al. , 2000 , we determine a maximum area of 400,000 m 2 or a volume of m 3 . We are 7 1.27 # 10 unable to constrain the minimum landslide area, A min , from field observations since we only know the relative frequency of the landslide PDF.
Since we do not have any data to constrain k, A min , or b, we use Monte Carlo simulations to generate suites of models and compare observed characteristics of the record to those of the model. Each simulation in a set is run for 27 yr, the length of the observed record, with constant parameter values throughout the set. The characteristic value of interest is recorded for each simulation, and the mean and standard deviation of the value are calculated. The number of simulations in each set var- Unknown model parameters consist of k, A min , and b. The fraction of days with sediment observations that have no measurable sediment, F z , is a useful parameterization for the frequency with which a river has measurable sediment load. We use Monte Carlo simulations with varying k and A min to examine how these parameters affect the predicted F z and to determine an appropriate combination of k and A min . In order to constrain b, we quantify the effects of varying b on the triggering of landslides. Figure 9 shows the effect of varying k and A min on F z . The figure shows the mean F z with ‫1ע‬ standard deviation, determined from sets of 500 simulations for and 250 simulations for . b p 2 b p 1 The observed F z for the Chihpen River is also indicated. The trends can be explained in the following way. A higher k implies faster sediment removal, thereby leading to a higher fraction of days without sediment load, F z . Increasing A min in the model increases the expected value of landslide area, and thus, fewer landslides are required to match the defined erosion rate. In general, larger landslides imply less frequent sediment inputs and therefore a higher F z . However, with very large landslides, sediment can take several years to be removed, producing a lower F z .
As defined in equation (7), b affects the expected number of landslides for a given rainfall magnitude. A high b value results in a higher number of landslides on days with high rainfall and thus discharge and transport capacity. As shown in figure 9 , by lowering b from 2.0 to 1.0, higher transport coefficients are needed to match the observed F z for a given A min .
Given the results shown in figure 9 , we pick two suites of k and A min values, corresponding to b values of 2 and 1, respectively. The pairs are defined to be acceptable if the mean F z of the Monte Carlo simulations equals the observed F z ( fig. 10) . From the acceptable sets of values, we choose an optimum pair by assuming that the minimum possible values of both k and A min are the most physically reasonable. Use of the minimum value of A min is justified by the observation that landslides occur at very small scales, and we would like to simulate the small but frequent contribution of sediment from these slides. We prefer the use of a small value of k based on the observation that the water and sediment discharge data for the Chihpen River lie on a rating curve with a minimum transport coefficient of 30 ( )/( ) ( fig. 11 ). We expect 3 t # s m # d the actual transport coefficient for the river to lie somewhere above this because the river will not transport its full capacity at the river mouth unless there is a landslide directly above the gauging station ( fig. 8) . Therefore, we argue for a k greater than but as close to 30 as possible. Using the above reasoning leads us to chose , , and b p 2.0 A p 10 min as our optimal parameter set ( fig. 11 ). k p 346
Discussion
With the calibrated model of sediment supply and transport for the Chihpen River, we are able to look at how discontinuous sampling and variations in sediment discharge affect uncertainties in erosion rates. Figure 12 summarizes the results of the Monte Carlo simulations. Figure 12a shows the variation in the mean erosion rate for increasing sampling frequencies. Each error bar denotes the 68.3% probability of occurrence about the mean from a set of 10,000 simulations, each having a 27-yr duration. This range is equivalent to the mean variation often reported for normal distri-‫1ע‬ Ϫ j butions, but in this case the distribution of erosion rates is closely approximated by a lognormal distribution resulting in an asymmetric uncertainty (Limpert et al. 2001) . Note that the observed erosion rate, from the corrected rating curve, is 5.1 mm/yr. As this is prescribed in the sediment supply Figure 12 . a, Mean erosion rates determined from the mean sediment discharge of 10,000 27-yr model simulations for the Chihpen River, with the 68.3% probability of occurrence interval showing a decrease in uncertainties with an increase in sampling frequency. The confidence interval of the observed sampling frequency of 29 samples/yr is . The asymmetric distribution of uncertainties is due to the lognormal characteristics of the erosion ‫0.4/7.2ע‬ mm/yr rate distributions. b, Mean erosion rates as a function of record length determined as in a, but from 1000 simulations. Simulations consist of records with a sampling frequency of 1/d. With a 100-yr record and 1/d sampling frequency, the variation would be . In a and b, the solid black line indicates the erosion rate of 5.1 mm/yr used ‫1/6.ע‬ mm/yr in the model. component of the model, it is not surprising that the model reproduces this value. More interesting is the decrease in the variation about this mean as the sampling frequency increases ( fig. 12a ). As the sampling frequency approaches 1/d, the variation stabilizes to approximately mm/yr. This ‫0.2/4.1ע‬ value represents the variation from discrete sediment supply and varying transport capacities for the river. The actual record of the Chihpen has a sampling frequency of 29 d/yr, so we expect the 68.3% probability range at that frequency to be mm/yr with contributions to the varia-‫0.4/7.2ע‬ tion from both the sampling frequency and the inherent random nature of the supply and transport system.
A similar relationship is derived in figure 12b for the effect of record length on variance in the sediment discharge and estimated erosion rate. The sampling frequency in this set of 1000 simulations is set to 365 d/yr. Figure 12 is useful in evaluating the accuracy of erosion rates determined from suspended sediment in tectonically active regions where sediment supply is dominated by landslides and accurately described by the above model. Assuming the Chihpen River has an actual erosion rate of 5.1 mm/yr, if we continuously sampled the suspended sediment for 100 yr, we would have 68.3% confidence that we were within mm/yr of the actual erosion ‫1/6.0ע‬ rate. While this seems like reasonable accuracy in estimating an erosion rate, it is rare to have continuous records for any duration, and record lengths longer than a few decades are uncommon. Confidence levels for more realistic scenarios can be derived from figure 12.
Of interest to this study is the significance of these findings as applied to the erosion rates reported above for other rivers in the ECR of Taiwan. However, without completing the full simulation process for all of the rivers, it is difficult to estimate the uncertainty in erosion rate. The above work shows that the uncertainty depends on both observational factors, the length of the record, and the sampling frequency, as well as natural factors, the sediment supply, and rainfall characteristics. We can qualitatively extrapolate the uncertainty for the Chihpen River to other ECR rivers by looking at the difference in these factors between rivers. A river with a fairly constant sediment supply, perhaps accounted for by hillslope diffusion or contin-uous mobilization of sediment in an alluvial channel, would have minor variations compared to a river dominated by discrete supply processes like landslides. Furthermore, among basins dominated by landslides, we would expect to see different magnitudes of variation from slight changes in the landslide distributions. With a steeper landslide area-magnitude distribution, , we would a 1 1.112 see a decrease in the uncertainty since there would be fewer large landslides skewing the sediment discharge. While our initial work suggests that other basins in the ECR have similar landslide distributions, this effect should be considered when looking at other regions. Also, a smaller range in the rainfall distribution, that is, closer minimum and maximum values in the rainfall PDF, would decrease the variance in the transport capacity, thereby resulting in less variation in sediment discharge at the mouth of the river and in erosion rates. We have not investigated the potential differences in rainfall distributions between catchments, but due to the similar climate throughout the ECR, we do not expect much variation. From the above reasoning on sediment supply and rainfall characteristics combined with the fact that the Chihpen River has the longest record and one of the highest sampling frequencies of ECR rivers, we believe that the uncertainty for the other rivers will be similar or greater than that of the Chihpen River.
Using mm/yr as the minimum confi-‫0.4/7.2ע‬ dence interval shows that all of the ECR rivers' erosion rates, determined here using the mean sediment discharge method, are equivalent within the 68.3% confidence interval. The other methods of determining erosion rates yield consistent erosion estimates with the exception of the Lower Hoping and Pingling Rivers. There are three possible explanations for these higher rates: (1) they are real, (2) the records for these rivers oversample large sediment discharge events, and (3) with the shorter records and possibly higher erosion rates, the confidence interval for these erosion rates is much larger than for the Chihpen, making the difference in rates insignificant. In some instances, there is a large difference in the erosion rates determined from the mean sediment discharge and those from the rating curve and corrected rating curve. However, when considered with respect to the confidence interval, this difference is insignificant. Keeping in mind the magnitude of expected errors in estimating erosion rates from suspended sediment, we see that the erosion rates determined here are also consistent with the work of Li (1976) .
It is important to recognize that the erosion rates determined here do not take into account material transported as bedload. Studies of sediment transport in other regions vary widely in their estimations of the fraction of total sediment transport from bedload, anywhere from 10% to 50% of the total load (Nanson 1974; Williams and Rosgen 1989; Bloom 1991; Schick and Lekach 1993) . If these same fractions are applied to the rivers in this study, the basin erosion rates will be significantly higher.
Summary and Conclusions
This study demonstrated the viability of using suspended sediment records as a means to estimate erosion rates, even in mountainous, tectonically active regions like Taiwan. Better estimates are obtained by recognizing the supply-limited nature of sediment supply by discrete events such as debris flows and landslides and correcting rating curve methods of erosion rate estimation. More complete data records yield better estimates using a rating curve method; less complete records appear to yield better erosion rate estimates from a simpler mean sediment discharge method. In the ECR of Taiwan, we obtained erosion rate estimates of 3.3-10.2 mm/ yr from the mean sediment discharge method and estimates of 0.8-26.0 mm/yr from the corrected rating curve method. Using the preferred method for each basin, the estimates for erosion rates from the eastern Central Range are between 2.1 and 8.3 mm/ yr.
To obtain a measure of the uncertainty in these erosion rate estimates as well as to try to understand the source of variation in the sediment discharge record, we constructed a stochastic model to predict the sediment discharge at a gauging station on the Chihpen River. This model contains a stochastic model for the rainfall and discharge in the river and a second stochastic component representing the sediment supplied to channels by landslides. Sediment transport was deterministic and used a physically based transport law and slope area data derived from a DEM. Unknown parameters for this model included cutoff values of the PDF for landslide magnitude, the transport coefficient in the suspended sediment transport law, and the dependence of landslide frequency on rainfall. These were all calibrated using the statistical characteristics of the observed sediment discharge record. It was also necessary to assume an erosion rate for the basin to calibrate the frequency of landslide occurrence, so this model is a tool to evaluate variability, not absolute rates. For the physical characteristics of the Chihpen River, a 27-yr record with 29/yr sampling frequency and an erosion rate of 5.1 mm/yr, we found that erosion rates for this river have a 68.3% probability of being within ‫ע‬ mm/yr of the estimated erosion rate. A sam-2.7/4.0 pling frequency of 1/d would reduce that range to mm/yr, while a 100-yr record of daily ob-‫0.2/4.1ע‬ servations would reduce the range to mm/ ‫1/6.0ע‬ yr.
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